Abstract-This paper proposes a linear oscillatory actuator integrated with a magnetic gear for E-cutter development to harvest oil palm fresh fruit bunch (FFB). The machine comprises of a linear magnetic gear which is artfully integrated with a slotless linear motor. The idea is proposed to improve the performance of existing linear actuators. The design is targeted for a optimum motor thrust, light weight, low cycle time, and reliable displacement. Most importantly, the direction of motion for both the linear motor and linear magnetic gear is opposite to each other, and this could reduce the vibration disturbance from the machine. The performance of the proposed machine is analyzed by finite element method (FEM) and the simulation results verify the machine design.
I. INTRODUCTION
The demand for palm oil is forecasted to increase until 2022 due to expansion of consumers in oil industries including edible oil, surfactants, lubricants and biodiesel [1] . Consequently, the production of oil palm FFBs should be improved to fulfill the demand of global markets and Malaysia became one of the top suppliers of oil palm products. Harvesting process uses about 60% of the work force and 50% of the production cost [2] . Hence, mechanization of harvesting tools is highly necessary. Currently, there are several tools that have been developed such as Cantas TM [3] and E-cutter [6] . The Cantas TM as shown in Fig. 1 was developed by MPOB. The tool comprises of a diesel engine, telescopic pole, cutting head and sickle. Studies have revealed that the daily productivity using Cantas TM have improved by 163% compared to manual tool. However, the machine become inefficient for a tree higher than 8m. The pole started to bend and reduce the mechanical energy transferred [3] [4] [5] . Therefore, the development of the present E-cutter was aimed at eliminating the limitation of Cantas TM . It operates electrically instead of using a mechanical system. The E-cutter as shown in Fig. 2 comprises of a mobile generator that supplies electrical energy to the linear actuator. The height limitation has been eliminated and the thrust is adequate to perform harvesting activity [6] [7] . However, its cutting time is not comparable with the Cantas TM . It requires 6 seconds to finish the cutting while Cantas TM only needs 2 seconds. It has drawbacks in term of displacement and oscillation frequency. The displacement is 10mm and oscillation frequency is 68Hz [6] while the Cantas TM achieves 16 mm and 50-80Hz respectively [3] [4] [5] . Several specifications for a new linear actuator were listed, and a shaft motor type is preferred to be used for the tool [8] . A linear oscillatory actuator integrated with magnetic gear is proposed in order to improve the performance of existing linear actuators for E-cutter development. The improvement in this design compared to existing machine tool is the introduction of a linear magnetic gear. It is purposely integrated with the linear actuator in order to produce enough motor thrust for cutting process as well as reduce the limitations. Currently, magnetic gears have gained more attention to replace mechanical gears as it is free of maintenance, highly efficient and low acoustic noise operation [9] [10] . The concept of a linear magnetic gear which can provide high thrust and high speed of output is applied to attain long displacement and low cutting time. The design is calculated using axisymmetric finite element method (FEM). Based on the simulation results, the proposed design has high prospect for optimum performance.
II. MACHINE STRUCTURE AND DESIGN

A. Machine structure
A linear oscillatory actuator integrated with a magnetic gear consists of a slotless linear motor and a linear magnetic gear. The structure of the proposed linear actuator is shown in Fig. 3 . The slotless linear motor comprises of a low-speed mover and a set of coils that are attached to the back iron. The back iron will help to reduce flux leakage through the machine. Meanwhile, the linear magnetic gear consists of the low-speed mover, high-speed mover, shaft and ferromagnetic pole-pieces. The prime mover consists of high energy Nd-Fe-B permanent magnets (PMs) as the magnetic material. The pole-pieces are used as a modulation mechanism. The shaft is made up of iron and it also provides a flux path in the machine. The operation is started when the coil windings are electromagnetically excited with current that is supplied by a mobile generator within the E-cutter. This reaction results to linear movement of PMs on the low-speed mover. Then, the movement activates the PMs on the high-speed mover to shift in the opposite direction. The shaft moves in linear motion mutually with the highspeed mover, therefore producing high thrust and long displacement to the sickle to cut the FFBs. The different direction of both movers reduces the vibration disturbance produced from the machine. Hence, the tool will become much easier to handle on the field.
B. Machine Design
Basically, the proposed design should achieve optimum motor thrust and reliable displacement. The cutting time should be low including having a reasonable total weight. Each part of the machine is designed specifically in order to ensure that a total light weight design is achieved.
Structure of the linear motor uses slotless type design. Technically, a slot motor type has higher thrust capability compared to a slotless motor. However, for applications that required constant thrust displacement along the shaft, the slotless is chosen. It also would be easier for fabrication in future. A suitable number of coil turns, N is selected to provide sufficient motor thrust for the designed linear magnetic gear which can be calculated from equation (1) . The calculated resistance and current are expressed by equation (2) and (3) respectively.
(1)
where w is the width of coil in (m), d is the diameter of coil wire in (m), ρ is the coil resistivity in (Ω/m), ℓ is the average length of coil per layer in (m), P is the input power in (W). The motor thrust, Fc can be defined from the equation (4) where B is the magnetic flux density.
= . . . ℓ (4)
The magnetic gear ratio, for PM pole-pairs on the low-speed mover, and high-speed mover, is designed as 4:1 therefore, the number of ferromagnetic pole-pieces, is equal to five. Equations (5) and (6) below show the magnetic gearing effect between the PM pole-pairs and modulating pole-pieces.
The output speed, is calculated using equation (7) for the moving shaft and high-speed mover. It is the product of the gear ratio and input speed from the low-speed mover. The minus symbol indicates the opposite direction of the moving parts. The input speed is set to 0.1m/s, thus it produces an output speed equal to 0.4m/s.
= −
The input displacement, on the low-mover is set to shift by 2mm, and using equation (8) the high-speed mover moves by 16mm for the output displacement, .
Based on the equations, magnetic behavior of the PMs is possible to produce high thrust, high speed and long displacement for the linear actuator. The gear ratio must be chosen relevantly to produce an applicable output. The transmission thrust, Ft is used to evaluate the efficiency of energy transfer between the PMs on the low-speed mover and high-speed mover. Transmission thrust and motor thrust are two different performance properties that are used to evaluate the linear actuator, yet both are dependent. In order to attain optimum thrusts, the diameter of the permanent magnet movers and stationary ferromagnetic pole-pieces were increased accordingly. The performance of the machine is analyzed by axisymmetric finite element method (FEM) to identify the best parameter for the machine. The analysis is more focus on the effect of changing the thickness of PMs and ferromagnetic pole-pieces. The results showed that the two components are dependent and affect each other when the parameters were varied.
C. Proposed Design
The proposed design should have the best specifications of linear actuator for harvesting tool. Only several specifications can be calculated and measured including motor thrust, estimated total weight and displacement as the design is in simulation stage. The type of linear actuator that is used in the design is a shaft motor as recommended. Table 1 summarizes the parameters for the proposed design. Each of the measurements is selected based on the analysis that will be discussed in section III. The parameters are specifically selected in order to reach optimum performance while considering the reasonable total weight. It is crucial to have a light harvesting tool for future applications so that it can be easily used on the field and worthy for commercialization. 
III. PERFORMANCE ANALYSIS
The performances of proposed design are calculated and analyzed by axisymmetric finite element method (FEM). The design is analyzed in 2D-dimension instead of 3D-dimension as it is more reliable for verifying its performance characteristics. Fig. 4 shows magnetic flux distribution for the proposed design. It is observed that most of the flux lines are centralized on the pole-pieces and air gaps. It can be seen that the design is effectively used to transfer thrust between the movers. The analysis has shown that there should be at least one pair of passive PM at the end of each side of the low-speed mover to provide a path for better efficiency of magnetic flux flow. The effect resulting from varying the thickness of the ferromagnetic pole-pieces and permanent magnets on motor thrust is shown Fig. 5 . The thickness is varied from 2mm to 5mm and current is set to 1A. The thrust increased when the thickness of pole-pieces and PMs are increased. The effect of varying thickness of the polepieces produces greater slope on thrust than the PMs. However, it is saturated when the thickness is the lowest. Literally, the thickness can be increased more for higher thrust however, it might result to a heavy total weight. Besides, the thrust can be further amplified by increasing the current supply to the coil windings. Fig. 6 shows the effect on motor thrust when the supply current is increased to 3A and 5A. The thickness of pole-pieces is 4mm while the thickness of PMs is 5mm. The thrust proves that the linear motor section can be relied on to activate the movement of the linear magnetic gear. However, supply current should not be too high for real application as it will cause excessive heat on the machine. The motor thrust shows that this proposed design is dependable to achieve optimum performance. The inner air-gap flux densities between the high-speed mover and ferromagnetic pole-pairs are analyzed. The low-speed mover functions as magnetic field excitation and the high-speed mover is set to air-space. The current source that excites the coil windings also is set to zero. The corresponding waveforms and harmonic spectra are illustrated in Fig. 7(a) and 7(b) . The spectra waveforms show four modulated complete cycles that indicate four pole-pairs. From the spectrum analysis, it can be seen that the largest harmonic is four pole-pairs including one polepair harmonic due to the magnetic gearing effect. The outer air-gap flux density between the low-speed mover and ferromagnetic pole-pairs are also analyzed. The highspeed mover functions as magnetic field excitation while the low-speed mover is set to air-space. The current source also is set to 0A . Fig 7(c) and 7(d) shows the corresponding waveforms and harmonic spectra. One modulated complete cycle from the waveforms indicates one pole-pair. Simultaneously, the spectrum analysis has identified that the dominant component is the 1 st space harmonic, and the 4 th space harmonic was reduced due to modulation effect. There is unwanted space harmonic in both air-gaps, and it might reduce the efficiency of transmission thrust. This is due to flux leakage and losses in the machine. It can be seen that a greater thickness of pole-pieces produced higher amount of transmission thrust. However, a 4mm of thickness is selected as the optimal parameter as consideration to the total weight and volume. The ratio of transmission thrust between lowspeed mover and high-speed mover is different for each analysis due to electromagnetic effect from the linear motor. The transmission thrust from the low-speed mover to high-speed mover when the thickness of the PMs is varied is shown in Fig. 9 . The thickness of the ferromagnetic pole-pieces is fixed at 4mm during the analysis. The results shows that the transmission thrust of both movers is slightly the same when the thickness is increased. A 5mm of thickness is selected as the preferred parameter as it recorded the highest reading of individual thrusts. Table 2 summarized the performance analysis of the proposed design. It verifies that the design is reliable to be used for harvesting tool for FFBs. The motor thrust is sufficient to induce vibrating mechanism to cut the fruit bunches. The total weight is acceptable and the displacement is comparable with Cantas TM . A linear oscillatory actuator integrated with a magnetic gear has been proposed as one of the future harvesting tools. The concept of magnetic gearing is applied in the design to increase the displacement, thrust capabilities and reduce the cutting time. The FEM analysis verifies that the design is reliable to improve the performance of existing linear actuator for E-cutter development. The effect of the thickness of ferromagnetic pole-pieces and PMs on transmission thrust has been analyzed. The simulated results show that the parameters significantly influence the transmission thrust. Motor thrust also has been analyzed for the different thickness of ferromagnetic pole-pieces and PMs as well as supplied current. The thrust increased when the thickness and supply current are increased. The analysis identifies that the proposed design has achieved optimum motor thrust which is 150N and reliable displacement of 16mm. The total weight is reasonable which is 1.8kg.
